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COOLING SYSTEMS FOR VARIABLE SPEED 
DRIVES AND INDUCTORS 

CROSS REFERENCE TO RELATED PATENT 
APPLICATIONS 

This application claims the bene?t of US. Provisional 
Application No. 60/885,932, ?led Jan. 22, 2007. 

BACKGROUND 

The application relates generally to cooling electronic 
components. The application relates more speci?cally to 
cooling systems for variable speed drives and inductors. 
A variable speed drive (VSD) for heating, ventilation, air 

conditioning and refrigeration (HVAC&R) applications can 
include a recti?er or converter, a DC link and an inverter. 
Variable speed drives With current source inverter technology 
often utiliZe liquid cooled inductors. Medium voltage vari 
able speed drives may also utiliZe liquid cooled inductors. 
When a liquid cooled coil inductor is used, the coil con 

ductors can be copper tubes that have been compressed to an 
oval shape. Coolant is circulated directly through the inductor 
tubing, requiring the use of de-ioniZed Water to avoid plating 
out the copper into the cooling medium. A de-ioniZed cooling 
loop alloWs for good electrical insulation betWeen the various 
electric components requiring cooling as the coolant is in 
contact With the inductor tubing as Well as various other 
components that are a part of the cooling system. 

In addition to the issues discussed above relating to VSDs 
and inductors, in the past, poWer assembly designs Were 
bulky and heavy. They utiliZed aluminum electrolytic capaci 
tors Which have an inherent Wear-out mechanism associated 
With the use of a liquid electrolyte and a seal. The aluminum 
electrolytic capacitors are physically heavy and are di?icult 
to mount due to their cylindrical shape. The heatsinks Were 
composed of either copper or aluminum material. Aluminum 
raises corrosion concerns When used in a closed loop unin 
hibited cooling system Where copper components are also in 
contact With the cooling ?uid. Even When inhibited ?uid is 
used, it has a knoWn lifetime and requires periodic and regular 
maintenance. Due to their signi?cant Weight, these poWer 
assembly designs have shoWn Weaknesses in the area of Wire 
bond failure Within the insulated gate bipolar transistor 
(IGBT) module as a result of vibration. This Weakness is also 
prevalent as a result of poWer/thermal cycling due to the 
variation in temperature betWeen the heatsink, Which mounts 
the IGBT module, and the laminated busbar, Which electri 
cally connects the IGBT modules together. The poWer assem 
bly typically requires a metallic frame into Which capacitors 
are inserted. IGBT poWer modules are typically mounted 
onto a heatsink and the heatsink is typically attached to the 
metal frame. Finally, a laminated busbar assembly is often 
placed on the top of the assembly and screWs and clamps are 
used to hold the assembly together as a subassembly, Which 
added to the bulk and Weight of the designs. 

Intended advantages of the disclosed systems and/or meth 
ods satisfy one or more of these needs or provides other 
advantageous features. Other features and advantages Will be 
made apparent from the present speci?cation. The teachings 
disclosed extend to those embodiments that fall Within the 
scope of the claims, regardless of Whether they accomplish 
one or more of the aforementioned needs. 

SUMMARY 

One embodiment includes a plastic cooling system for 
cooling electronic components having a base, a cooling Well 
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2 
formed in the top of the base and open at the top, a feed 
channel formed in the base for accepting a cooling ?uid to be 
introduced to the cooling Well, a drain channel formed in the 
base through Which the cooling ?uid is to be carried aWay 
from the cooling Well, a cooling Well inlet formed in the 
cooling Well and in communication With the feed channel, 
and a cooling Well outlet formed in the cooling Well opposite 
the cooling Well inlet and in communication With the drain 
channel. The feed channel is su?iciently large relative to the 
siZe and ?oW characteristics of the Well and cooling Well 
inlets and outlets such that When the cooling ?uid ?oWs 
through the cooling device, the pressure drop across the feed 
channel is substantially less than the pressure drop across the 
Well. 

Another embodiment includes a plastic cooling system for 
a variable speed drive system having a VSD system With a 
converter stage connected to an AC poWer source providing 
the input AC voltage, a DC link connected to the converter 
stage, and an inverter stage connected to the DC link. The 
plastic cooling system also includes a coolant system for 
cooling components in the variable speed drive system. The 
coolant system includes a plastic cooler con?gured to receive 
a plurality of fasteners for engaging and securing an elec 
tronic component. 

Yet another embodiment includes a plastic cooling system 
for an inductor having an inductor With a core and a coil. The 
cooling system also has a heat sink in thermal communication 
With the core. The liquid ?oW in the heat sink in the cooling 
system absorbs heat generated by the core and coil losses. 

Certain advantages of the embodiments described herein 
are the reduced siZe, Weight and cost of the inductor and that 
the coils of the inductor are also cooled conduction of the heat 
to the core. 

Alternative exemplary embodiments relate to other fea 
tures and combinations of features as may be generally 
recited in the claims. 

BRIEF DESCRIPTION OF THE FIGURES 

FIGS. 1A and 1B are schematic diagrams of embodiments 
of general system con?gurations. 

FIGS. 2A and 2B are schematic diagrams of embodiments 
of variable speed drives. 

FIG. 3 is a schematic diagram of a refrigeration system. 
FIG. 4 is a plan vieW ofone embodiment ofa plastic cooler. 
FIG. 5 is cross-sectional vieW of the plastic cooler taken 

through line 3-3 of FIG. 4. 
FIG. 7 is a cross-sectional vieW of the plastic cooler taken 

through line 4-4 of FIG. 4. 
FIG. 6 is a plan vieW shoWing the Well and O-ring of the 

plastic cooler of FIG. 4. 
FIG. 8 is a plan vieW shoWing a second embodiment of the 

Well and O-ring. 
FIG. 9 is an illustration of a ?lm capacitor, a plastic cooler 

and associated mounting components. 
FIG. 11 is an illustration of a ?ve-legged core, liquid 

cooled inductor. 
FIG. 10 is a cross-section of a ?ve-legged core, liquid 

cooled inductor. 
FIG. 12 is an illustration of a CFD analysis of the ?ve 

legged core, liquid-cooled inductor of FIG. 11. 

DETAILED DESCRIPTION OF THE 
EXEMPLARY EMBODIMENTS 

FIGS. 1A and 1B illustrate generally system con?gura 
tions.AnAC poWer source 102 supplies a variable speed drive 
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(VSD) 104, Which powers a motor 106 (see FIG. 1A) or 
motors 106 (see FIG. 1B). The motor(s) 106 can be used to 
drive a corresponding compressor of a refrigeration or chiller 
system (see generally, FIG. 3). The AC poWer source 102 
provides single phase or multi-phase (e.g., three phase), ?xed 
voltage, and ?xed frequency alternating current (AC) poWer 
to the VSD 104 from an AC poWer grid or distribution system 
that is present at a site. The AC poWer source 102 preferably 
can supply anAC voltage or line voltage of 200 volts (V), 230 
V, 380 V, 460 V, or 600V, at a line frequency of 50 hertZ (HZ) 
or 60 HZ, to the VSD 104 depending on the corresponding AC 
poWer grid. 

The VSD 104 receives AC poWer having a particular ?xed 
line voltage and ?xed line frequency from the AC poWer 
source 102 and provides AC poWer to the motor(s) 106 at a 
desired voltage and desired frequency, both of Which can be 
varied to satisfy particular requirements. Preferably, the VSD 
104 can provide AC poWer to the motor(s) 106 having higher 
voltages and frequencies and loWer voltages and frequencies 
than the rated voltage and frequency of the motor(s) 106. In 
another embodiment, the VSD 104 may again provide higher 
and loWer frequencies but only the same or loWer voltages 
than the rated voltage and frequency of the motor(s) 106. The 
motor(s) 106 can be an induction motor, but can also include 
any type of motor that is capable of being operated at variable 
speeds. The induction motor can have any suitable pole 
arrangement including tWo poles, four poles or six poles. 

FIGS. 2A and 2B illustrate different embodiments of the 
VSD 104. The VSD 104 can have three stages: a converter 
stage 202, a DC link stage 204 and an output stage having one 
inverter 206 (see FIG. 2A) or a plurality of inverters 206 (see 
FIG. 2B). The converter 202 converts the ?xed line frequency, 
?xed line voltage AC poWer from the AC poWer source 102 
into direct current (DC) poWer. The DC link 204 ?lters the DC 
poWer from the converter 202 and provides energy storage 
components. The DC link 204 can be composed of capacitors 
and inductors, Which are passive devices that exhibit high 
reliability rates and very lOW failure rates. Finally, in the 
embodiment of FIG. 2A, the inverter 206 converts the DC 
poWer from the DC link 204 into variable frequency, variable 
voltage AC poWer for the motor 106 and, in the embodiment 
of FIG. 2B, the inverters 206 are connected in parallel on the 
DC link 204 and each inverter 206 converts the DC poWer 
from the DC link 204 into a variable frequency, variable 
voltage AC poWer for a corresponding motor 106. The invert 
er(s) 206 can be a poWer module that can include poWer 
transistors, insulated gate bipolar transistor (IGBT) poWer 
sWitches and inverse diodes interconnected With Wire bond 
technology. Furthermore, it is to be understood that the DC 
link 204 and the inverter(s) 206 of the VSD 104 can incorpo 
rate different components from those discussed above so long 
as the DC link 204 and inverter(s) 206 of the VSD 104 can 
provide the motors 106 With appropriate output voltages and 
frequencies. 

With regard to FIGS. 1B and 2B, the inverters 206 are 
jointly controlled by a control system such that each inverter 
206 provides AC poWer at the same desired voltage and fre 
quency to corresponding motors based on a common control 
signal or control instruction provided to each of the inverters 
206. In another embodiment, the inverters 206 are individu 
ally controlled by a control system to permit each inverter 206 
to provide AC poWer at different desired voltages and fre 
quencies to corresponding motors 106 based on separate con 
trol signals or control instructions provided to each inverter 
206. By providing AC poWer at different voltages and fre 
quencies, the inverters 206 of the VSD 104 can more effec 
tively satisfy motor 106 and system demands and loads inde 
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4 
pendent of the requirements of other motors 106 and systems 
connected to other inverters 206. For example, one inverter 
206 can be providing full poWer to a motor 106, While another 
inverter 206 can be providing half poWer to another motor 
106. The control of the inverters 206 in either embodiment 
can be by a control panel or other suitable control device. 

For each motor 106 to be poWered by the VSD 104, there is 
a corresponding inverter 206 in the output stage of the VSD 
104. The number of motors 106 that can be poWered by the 
VSD 104 is dependent upon the number of inverters 206 that 
are incorporated into theVSD 104. In one embodiment, there 
can be either 2 or 3 inverters 206 incorporated in the VSD 104 
that are connected in parallel to the DC link 204 and used for 
poWering a corresponding motor 106. While the VSD 104 can 
have betWeen 2 and 3 inverters 206, it is to be understood that 
more than 3 inverters 206 can be used so long as the DC link 
204 can provide and maintain the appropriate DC voltage to 
each of the inverters 206. 

FIG. 3 illustrates generally one embodiment of a refrigera 
tion or chiller system using the system con?guration andVSD 
104 of FIGS. 1A and 2A. As shoWn in FIG. 3, the HVAC, 
refrigeration or liquid chiller system 300 includes a compres 
sor 302, a condenser 304, a liquid chiller or evaporator 306 
and a control panel 308. The compressor 302 is driven by 
motor 106 that is poWered by VSD 104. The VSD 104 
receives AC poWer having a particular ?xed line voltage and 
?xed line frequency from AC poWer source 102 and provides 
AC poWer to the motor 106 at desired voltages and desired 
frequencies, both of Which can be varied to satisfy particular 
requirements. The control panel 308 can include a variety of 
different components such as an analog to digital (A/D) con 
ver‘ter, a microprocessor, a non-volatile memory, and an inter 
face board, to control operation of the refrigeration system 
300. The control panel 308 can also be used to control the 
operation of the VSD 104, and the motor 106. 

Compressor 302 compresses a refrigerant vapor and deliv 
ers the vapor to the condenser 304 through a discharge line. 
The compressor 302 can be a screW compressor, centrifugal 
compressor, reciprocating compressor, scroll compressor, or 
other suitable type of compressor. The refrigerant vapor 
delivered by the compressor 302 to the condenser 304 enters 
into a heat exchange relationship With a ?uid, e.g., air or 
Water, and undergoes a phase change to a refrigerant liquid as 
a result of the heat exchange relationship With the ?uid. The 
condensed liquid refrigerant from condenser 304 ?oWs 
through an expansion device (not shoWn) to the evaporator 
306. 

The liquid refrigerant in the evaporator 306 enters into a 
heat exchange relationship With a ?uid, e.g., air or Water to 
loWer the temperature of the ?uid. The refrigerant liquid in the 
evaporator 306 undergoes a phase change to a refrigerant 
vapor as a result of the heat exchange relationship With the 
?uid. The vapor refrigerant in the evaporator 306 exits the 
evaporator 306 and returns to the compressor 302 by a suction 
line to complete the cycle. The evaporator 306 can include 
connections for a supply line and a return line of a cooling 
load. A secondary liquid, e.g., Water, ethylene, calcium chlo 
ride brine or sodium chloride brine, travels into the evaporator 
306 via return line and exits the evaporator 306 via supply 
line. The liquid refrigerant in the evaporator 306 enters into a 
heat exchange relationship With the secondary liquid to loWer 
the temperature of the secondary liquid. It is to be understood 
that any suitable con?guration of condenser 304 and evapo 
rator 306 can be used in the system 300, provided that the 
appropriate phase change of the refrigerant in the condenser 
304 and evaporator 306 is obtained. 
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The HVAC, refrigeration or liquid chiller system 300 can 
include many other features that are not shown in FIG. 3. 
Furthermore, While FIG. 3 illustrates the HVAC, refrigeration 
or liquid chiller system 300 as having one compressor con 
nected in a single refrigerant circuit, it is to be understood that 
the system 300 can have multiple compressors, poWered by a 
single VSD as shoWn in FIGS. 1B and 2B or multiple VSDs, 
see generally, the embodiment shoWn in FIGS. 1A and 2A, 
connected into each of one or more refrigerant circuits. 

FIGS. 4-8 illustrates a plastic cooler 10 that directs coolant 
?uid onto electronic components or modules, e.g., high-speed 
sWitches (such as IGBTs) (not shoWn) that may be mounted 
on the cooler 10. The plastic cooler 10 is lighter than a copper 
or aluminum based heatsink and is cheaper to manufacture 
and assemble. The coolant ?uid, circulating through the 
cooler may be any suitable ?uid, e. g. Water, glycol or refrig 
erant. Further, the plastic cooler 10 does not corrode like an 
aluminum cooler typically does over time. The plastic cooler 
alloWs the semiconductor module’s baseplate to operate at a 
continuous use temperature of approximately 100 degrees 
centigrade. 

To facilitate full operation of the electric components or 
modules, the plastic cooler 10 can be used at a continuous 
temperature of approximately 100 degrees centigrade and 
satisfy the appropriate standard from the Underwriters Labo 
ratory for the approval of plastic material for ?ammability 
(UL746A-E). The plastic material used for the cooler 10 has 
a loW level of liquid absorption, is physically durable With a 
high tensile strength and may be injection molded or 
machined. Because the poWer assemblies in Which the cooler 
1 0 can be mounted are cycled by both temperature and poWer, 
the plastic material of the cooler 10 should exhibit a loW 
temperature coef?cient of thermal expansion to avoid Wire 
bond breakage Within a semi-conductor module due to a 
mismatch of the coe?icients of thermal expansion betWeen 
the plastic cooler 10 and the copper laminated structures 
attached to the semi-conductor module terminals. Also, the 
plastic cooler 10 acts as a fastener to alloW for the attachment 
of multiple poWer devices together permitting a single lami 
nated busbar structure to be used to for electrical connections, 
thereby alloWing for a reduction in the siZe and Weight of the 
overall poWer assembly. The plastic material used for the 
plastic cooler 10 can be Noryl® (polyphenylene oxide, modi 
?ed), Valox® (polybutylene terephthalate (PBJ)), orVespel® 
(polymide). 
The plastic cooler 10 shoWn in FIG. 4 has mounting holes 

11 that can be designed to receive screWs or bolts that engage 
the electronic component and hold it in place. Although the 
plastic cooler 10 is shoWn using mounting holes to secure an 
electronic component to the base plate of the plastic cooler 
10, other fastening devices or techniques, such as clamping 
devices, adhesives, Welds, etc., could be used to fasten the 
electrical component to the plastic cooler 10. 

Machined or otherWise formed in plastic cooler 10 are tWo 
main ?uid channels 12 and 13, Whereby a cooling ?uid may 
be introduced into the cooler 10 via feed channel 12 and may 
exit the cooler 10 via drain channel 13. In the illustrated 
embodiment, these channels are relatively large, cylindrical 
channels that extend along the length of the plastic cooler 10. 
The channels are siZed and designed to have a relatively loW 
pressure drop along their lengths. 

At the top of the plastic cooler 10 are found a series of 
concave Wells 20. In one embodiment, Wells 20 are sur 
rounded by an O-ring groove 31 into Which an O-ring may be 
placed. The electronic devices to be cooled are then posi 
tioned in place over the Wells 20 and fastened via mounting 
holes 11, or via other devices or techniques, Whereby a Water 
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6 
tight seal is created betWeen the electronic component and the 
plastic cooler 10 via the O-ring. There can be an individual 
Well 20 for each individual electronic component or module 
to be cooled, and the electronic component is positioned 
directly over the Well 20, so that the bottom of the electronic 
component is placed in direct contact With the cooling ?uid. 
The Wells 20 can have a Width and length, and shape, 

designed to match the Width, length, and shape of the elec 
tronic component to be cooled. For example, in an HVAC 
application Where the electronic components are sWitches, 
the Wells 20 can have a Width of approximately 1 .5 inches and 
a length of 3 inches. Cooling ?uid enters a Well 20 from feed 
channel 12 through an inlet port 21 formed in the Well 20, 
?oWs through the Well 20, and then exits out outlet port 22 and 
into outlet channel 13. The inlet and outlet channels 12, 13 in 
turn are connected to a heat exchanger for cooling the cooling 
?uid that exits outlet channel 13. 

Plastic cooler 10 and its components provide optimum heat 
transfer betWeen the cooling ?uid and the electronic compo 
nents, in an e?icient and cost effective manner. Optimum 
results can be achieved With Wells 20 having a depth Within 
the range of 0.02 to 0.20 inches, coupled With a hydraulic 
diameter betWeen 0.05 and 0.20 inches, and With inlets that 
are 90 degree noZZles, applying the cooling ?uid at an angle 
of approximately 90 degrees against the surface of the elec 
tronic component placed over the Well 20. The hydraulic 
diameter of the Wells 20 is thus de?ned generally by the 
folloWing equation: Hydraulic Diameter:4>< Cross-sectional 
area/(2x Well Depth+2><Well Width). The noZZles preferably 
are located at the end of a Well 20, as shoWn in the Figures, so 
that the cooling ?uid in effect bounces off both the surface of 
the electronic component and the Walls of the Well 20 adjacent 
the noZZle. 
The noZZles promote a high degree of turbulence due to the 

impingement of cooling ?uid on the surface of the electronic 
component. This turbulence is sustained by the optimal selec 
tion of the Well depth and hydraulic diameter. A shalloWer 
Well depth or smaller hydraulic diameter Would tend to re 
laminariZe the ?oW, thereby decreasing some of the enhance 
ment in heat transfer. On the other hand, a deeper Well depth 
or larger hydraulic diameter Would tend to decrease the heat 
transfer enhancement due to a reduction in the velocity of the 
?uid adjacent to the surface. 
The plastic cooler 10 can have a pressure drop across the 

length of the inlet channel 12 that is substantially less than the 
pressure drop across the Wells. The reduced pressure drop 
across the inlet channel 12 is achieved by increasing the siZe 
of at least the inlet channel 12, relative to the siZe, shape, and 
?oW characteristics of the Well 20 and its inlets 21 and outlets 
22, to achieve this relative pressure drop relationship. The 
pressure drop across the length of inlet channel 12 should be 
no greater than 1/1oth of the pressure drop across the individual 
Wells 20. In one embodiment, each of the Wells 20 has the 
same siZe, shape, and ?uid ?oW characteristics. 
The inlets 21 and outlets 22 of the Wells 20 are in the form 

of elongated slots. The slots 21 operate as noZZles that direct 
cooling ?uid against the bottom surface of the electronic 
components. Inlet 21 and outlet 22 are suf?ciently small in 
comparison to channels 12 and 13 such that no appreciable 
pressure drop is measurable across the channel 13 as cooling 
liquid ?oWs into each of the Wells 20. As shoWn in FIG. 8, 
another embodiment of the inlet 21 and outlet 22 ports is 
shoWn Whereby the inlet 21 and outlet 22 are actually a 
plurality of openings 25 formed into either end of the Well 20. 
The ports (See, e.g., FIG. 6) may be formed as elongated slots 
that extend from the bottom of the Well doWnWard to the 
channels 12 and 13. These slots preferably are perpendicular 



US 7,876,561 B2 
7 

to the surface of the plastic cooler 10. This combination 
achieves a more turbulent ?oW that enhances the heat transfer 
Without signi?cantly impacting pressure drop. The uncom 
plicated shape of the Wells, inlets and channels provides for 
much easier manufacturing than is associated With other 
related devices that have Wells of varying depths or require 
the use of obstacles placed in the ?oW path to enhance the 
turbulent ?oW. 

The channels 12 and 13 provide substantially equal pres 
sure along the entire length of both channels, With the result 
that each Well 20 “sees” the same inlet pressure and pressure 
differential and is capable of having an equal ?oW and thus an 
equal cooling capability. The use of channels having these 
characteristics minimizes, and preferably avoids, the problem 
of reduced ?oW in each subsequent Well. 

Also, by connecting each Well 20 directly to the inlet 12 as 
opposed to having the cooling ?uid ?oW in series from the 
?rst Well to the last, each Well 20 is fed With fresh coolant 
Which maximizes the cooling capability of all of the Wells 20. 

The poWer assembly may operate as single phase for appli 
cations that require higher poWer output levels, or as three 
phases for applications requiring loWer poWer output levels. 
Referring noW to FIG. 9, ?lm capacitors 500 are used in place 
of traditional electrolytic capacitors. The use of a ?lm capaci 
tor 500 reduces the cost of manufacture, reduces the total 
overall Weight of the assembly, reduces the overall siZe of the 
assembly, and increases the reliability of the system. The ?lm 
capacitor 500 increases the reliability of the assembly by 
eliminating the need to evaporate electrolyte liquid present 
When the traditional electrolyte capacitors are used. Mount 
ing apertures 504 are disposed on the capacitors 500 for 
mounting other components or subassemblies, e.g. bus plates 
506, angled bus plates 508, IGBT modules 512, 514 and 
mounting devices for attaching the assembly in a VSD enclo 
sure (not shoWn). In addition, mounting bases 510 are dis 
posed on the ?lm capacitor 500 to mount the entire assembly 
on a shelf or other suitable surface (not shoWn). Fasteners 
516, eg screWs or other suitable fasteners, are used to mate 
With the apertures 504 to secure the components to the capaci 
tor. 

In another embodiment, additional electronic components 
can be a?ixed to the plastic cooler 10 on the surface opposite 
the one With the Wells.Additional open Wells may be included 
on the opposite surface, and the heat from the additional 
poWer devices can be removed by the liquid coolant in the 
plastic cooler that is in direct contact With the bottom of the 
additional electronic component. Alternatively, if no cooling 
Wells are used on the opposite surface, the electronic compo 
nents can be cooled by transferring the heat through the 
component to the plastic cooler and then to the liquid. 

Referring noW to FIG. 10, an inductor 400 includes tWo 
major subassembliesithe core 402 and the coil 403. The 
core 402 subassembly can be composed of a plurality of thin 
steel strips called laminations 404. Multiple lamination 
sheets 404 are stacked to form the core 402 of the inductor 
400. During manufacture, silicon can be added to the steel to 
improve the electrical resistivity of the laminations 404. 
Grain orientation of the laminations 404 loWers the losses and 
extends the boundaries of useful operation of the core 402 
material. Laminations 404 are used to minimiZe eddy currents 
and the losses associated With eddy currents, Which become 
more of a concern as the operational frequency of the inductor 
400 increases. While silicon steel laminations 404 can be 
used in one embodiment should be understood that any type 
of suitable material may be used. For example, alternate 
lamination materials include, but are not limited to, nickel 
iron, cobalt alloys, poWdered iron, ferrous alloys, molybde 
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8 
num permalloy poWdered iron, nickel-iron poWder, ceramic 
ferrites, manganese Zinc ferrites, nickel Zinc ferrites and man 
ganese ferrites. 

Core losses are caused by hysteresis losses and eddy cur 
rent losses and losses increase the operating temperature of 
the core 402 and reduce the e?iciency of the inductor 400. The 
operating temperature of the core 402 has an in?uence on the 
other materials used in the inductor 400, such as insulating 
materials and varnishes. Each material has a maximum oper 
ating temperature, and the operating temperature of the core 
402 determines the available options for insulating materials. 
As the operating temperature increases the number of avail 
able options for use as insulating materials is reduced, and the 
costs of the materials is increased. The useful life of the 
inductor may also be compromised as the operating tempera 
ture of the inductor is increased. 
The coil 403 subassembly is composed of insulating mate 

rials and current carrying conductors. The conductors may be 
any suitable type of conductive material, e.g., copper and 
aluminum. Copper conductors have a loWer resitivity but a 
higher co st and Weight than aluminum conductors. The sheets 
of the conductors are typically interleaved With layers of 
insulating material. The insulating material may be any suit 
able insulating material e. g., Nomex® brand ?ber (manufac 
tured by E. I. du Pont de Nemours and Company), ceramic or 
Woven glass ?ber. Air ducts are provided betWeen the coil 
layers to provide for the movement of air, either forced air or 
natural convection, Which removes the heat generated by the 
losses associated With the coil. The operating temperature of 
the coil conductors and insulators is ultimately determined by 
the combination of losses and air movement. 

Referring to FIG. 11, the cooler (See, e.g., FIG. 4) is 
applied to the top surfaces of the core 602 of an inductor 600. 
The cooler 10 uses ?uid such as Water, glycol or refrigerant to 
cool the core 602. The ?uid travels through the cooler and 
absorbs the heat generated by the core. 

To alloW for heat conduction throughout the core 602 
including the core gaps, a thermally conductive, non-ferro 
magnetic material is used to provide a proper magnetic gap, 
While also alloWing for heat transfer across that gap. A mate 
rial such as a “Grade A Solid Boron Nitride” material manu 
factured by Saint Gobain Ceramics can be used, hoWever 
other materials that can be used include aluminum nitride 
ceramics and alumina ceramics. 
The coil 604 is formed by tightly interleaving layers of 

aluminum or copper foil With layers of an electrically insu 
lating and thermally conductive material in order to form a 
loW thermal impedance coil subas sembly. The heat generated 
at the coil subassembly is transferred by heat conduction from 
the coil 604 to the core 602 and subsequently to a heatsink 
connected to the core 602 Where it is absorbed by the liquid 
?oW through the heat sink. The electrically insulating but 
thermally conductive sheets of material are commonly avail 
able e.g. Cho-TherMTM, Therma-GapTM, Therm-AttachTM 
and Therma-FloWTM materials. In other embodiments, any 
suitable materials can be used that are compatible With the 
standard insulating varnishes used in conventional inductor 
manufacturing processes, and that also exhibit tear-through 
capability With maximum continuous use operating tempera 
tures approaching 200 degrees Celsius. The coil layers are 
tightly Wound around the core leg to provide a thermally 
conductive path to the core 602. 

FIG. 12 illustrates the results of a computer simulation 
intended to predict temperature distribution Within the induc 
tor 600 Whose core 602 is shoWn in FIG. 11, by shoWing in 
shades of varying color, the thermal gradient Within the 
inductor 600. The table beloW illustrates the in?uence of 
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various thermally conductive, electrically insulating materi 
als on the peak inductor temperature rise. 

TABLE 1 

Winding Material Aluminum 
Winding Thickness [in] 0.031 
Thermal Conductivity of 240 
Winding Material [W/m-K] 
Heat Generation per coil [W] 1146 
Heat Generation in the core 344 

[W] 
Number of Winding Turns 15 
Gap Material Gap Gap Pad Gap Pad Sil Pad 

Pad 5000835 3000830 2000 
1500 

Gap Material Thickness [in] 0.03 0.02 0.01 0.01 
Thermal Conductivity of Gap 1.5 5 3 3.5 
Material [W/m-K] 
Overall Wrapped Winding 0.915 0.765 0.615 0.615 
thickness [in] 
Overall Winding conductivity 3.03 12.35 11.84 13.73 
in transverse direction [W/m 
K1 
Overall Winding conductivity 122.70 147.84 182.20 182.32 
in parallel direction [W/m-K] 
Maximum Temperature Rise 290.4 233.8 232.4 229.0 

[K] 

Another embodiment includes an active converter module 
With an integral means to control the pre-charging of the DC 
link capacitors in the poWer assembly, for example, such a 
pre-charging system as described in commonly-oWned U.S. 
patent application Ser. No. 11/073,830, Which is hereby 
incorporated by reference. 

It shouldbe understood that the application is not limited to 
the details or methodology set forth in the folloWing descrip 
tion or illustrated in the ?gures. It should also be understood 
that the phraseology and terminology employed herein is for 
the purpose of description only and should not be regarded as 
limiting. 

While the exemplary embodiments illustrated in the ?g 
ures and described herein are presently preferred, it should be 
understood that these embodiments are offered by Way of 
example only. Accordingly, the present application is not 
limited to a particular embodiment, but extends to various 
modi?cations that nevertheless fall Within the scope of the 
appended claims. The order or sequence of any processes or 
method steps may be varied or re-sequenced according to 
alternative embodiments. 

It is important to note that the construction and arrange 
ment of the plastic cooler for the variable speed drives and 
inductors, as shoWn in the various exemplary embodiments is 
illustrative only. Although only a feW embodiments have been 
described in detail in this disclosure, those skilled in the art 
Who revieW this disclosure Will readily appreciate that many 
modi?cations are possible (e.g., variations in siZes, dimen 
sions, structures, shapes and proportions of the various ele 
ments, values of parameters, mounting arrangements, use of 
materials, colors, orientations, etc.) Without materially 
departing from the novel teachings and advantages of the 
subject matter recited in the claims. For example, elements 
shoWn as integrally formed may be constructed of multiple 
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parts or elements, the position of elements may be reversed or 
otherWise varied, and the nature or number of discrete ele 
ments or positions may be altered or varied. Accordingly, all 
such modi?cations are intended to be included Within the 
scope of the present application. The order or sequence of any 
process or method steps may be varied or re-sequenced 
according to alternative embodiments. In the claims, any 
means-plus-function clause is intended to cover the structures 
described herein as performing the recited function and not 
only structural equivalents but also equivalent structures. 
Other substitutions, modi?cations, changes and omissions 
may be made in the design, operating conditions and arrange 
ment of the exemplary embodiments Without departing from 
the scope of the present application. 
What is claimed is: 
1. A poWer assembly for a variable speed drive system 

comprising: 
a ?lm capacitor; 
the ?lm capacitor is mounted on an outside surface of at 

least one cooling device, the at least one cooling device 
operating as a heat sink for the ?lm capacitor and being 
con?gured to circulate a cooling ?uid through the at 
least one cooling device; 

at least one electrical component mounted on the at least 
one cooling device, the at least one electrical component 
being directly cooled by the circulating cooling ?uid in 
the at least one cooling device; and 

Wherein the at least one cooling device comprises a plastic 
material. 

2. The poWer assembly of claim 1 Wherein the ?lm capaci 
tor comprises mounting fasteners to mount additional com 
ponents and to mount the poWer assembly in an enclosure. 

3. The poWer assembly of claim 1 Wherein the plastic 
material is selected from the group consisting of polyphe 
nylene oxide, modi?ed, polybutylene terephthalate, and 
polymide. 

4. The poWer assembly of claim 1 Wherein the at least one 
cooling device operates at a continuous use temperature of 
approximately 100 degrees centigrade. 

5. The poWer assembly of claim 1 Wherein the ?uid 
directed through the at least one cooling device is refrigerant, 
glycol or Water. 

6. The poWer assembly of claim 1 Wherein the at least one 
cooling device is manufactured by an injection molding pro 
cess or a machined process. 

7. The poWer assembly of claim 1 Wherein the plastic 
material exhibits a low temperature coe?icient of thermal 
expansion. 

8. The poWer assembly of claim 1 Wherein a plurality of 
electronic components are mounted to the at least one cooling 
device. 

9. The poWer assembly of claim 1 Wherein the at least one 
cooling device mounted on the ?lm capacitor is secured to the 
?lm capacitor With at least one fastener. 

10. The poWer assembly of claim 9 Wherein the at least one 
fastener is a screW. 


